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.2012.06.Abstract Fatty acid methyl ester (biodiesel) has been identiﬁed as biodiesel alternative fuel
obtained from renewable sources. Efforts in Egypt are directed toward the development of new
non-edible sources. At the forefront of these non-edible sources comes Jatropha curcas oil (JCO)
because it has been grown successfully in Egypt using primary treated municipal wastewater for irri-
gation. Based on previous research ﬁndings for the production of biodiesel from (JCO) using het-
erogeneous catalyst, some kinetic data on the transesteriﬁcation reaction were provided. This was
achieved by conducting the reaction at various temperatures, reaction time, and dose of catalyst and
reactant molar ratios. The transesteriﬁcation reaction was observed with regard to the percent bio-
diesel yield versus time and the reaction order was found to be a ﬁrst order reaction rate equation.
Techno-economic indicators revealed that the price of biodiesel produced by heterogeneous base
catalyzed method was $0.665/L with a gross proﬁt per year of $37,403,643.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Fatty acid methyl ester (FAME) can be produced from any
material that contains fatty acids, whether it is linked to other
molecules or present as free fatty acids [1]. Examples of biodie-
sel include soy diesel, rapeseed methyl ester, and various vege-(K.M. El-Khatib).
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001table and animal fat methyl esters [2]. In Egypt, Jatropha oil
seems to be the best source for biodiesel production. The Jatro-
pha tree is easily grown and easily propagated [3]. The three
base methods of ester production from oil/fat are the base cat-
alyzed transesteriﬁcation, the acid catalyzed esteriﬁcation and
enzymatic catalysis [4]. Conversion of the oil to their alkylest-
ers reduced the viscosity near the diesel fuel levels and pro-
duced a fuel with properties similar to petroleum based
diesel fuel and which could be used in existing engines without
modiﬁcations. The main advantages of using biodiesel fuels as
100% methyl or ethyl esters of vegetable oil and animal fat or
biodiesel blends (up to 20% blend to the diesel fuel) are pro-
ducing less smoke and particulates, having higher cetane num-
bers and producing lower carbon monoxide and hydrocarbon
emissions [5,6]. The most commonly used method among thesehosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Table 1 Speciﬁcations of the seed oil of Jatroha curcas.
Parameter Value
Saponiﬁcation number (mg/g) 198
Kinematic Viscosity at 30 C (mm2/s) 53.3
Free fatty acids (% weight) 0.5–2
Unsaponiﬁed (% weight) Less than 1
Iodine number 105
Table 2 Characteristics of FAME produced and Standards
ASTM.
Parameter Value Standards
biodiesel ASTM
Kinematic viscosity
at 30 C (mm2/s)
5.7 1.9–6
Density at 30 C (g/cm3) 0.87
Acid value (mg KOH/gm) 0.3 0.8 max
Flash point (C) 162 100 min
Pour point (C) 6 10 C
Cloud point (C) 3 Report to customer
Cetane number 51 C P47 C
Caloriﬁc value 9376.2 10170 cal/g
10 T.M. Labib et al.is the base catalyzed transesteriﬁcation techniques [7–9]. The
drawback of technique is that the produced FAME requires
additional post puriﬁcation steps. The aim of the present work
was to study the kinetics, modeling and simulation of alkali
CaO catalyzed transesteriﬁcation of JCO. Further investiga-
tion of the cost indicators for this transesteriﬁcation process
is to be compared with the previous studies [9,10].
2. Kinetic study
2.1. Materials and methods
Jatropha curcas oil was extracted at the National Research
Centre, Egypt and the oil properties are shown in Table 1
[11]. Calcium oxide (Ex. pure) was obtained from Oxford Lab-
oratory Reagent, India. Ammonium carbonate puriﬁed LR
was obtained from S.d. FINE-CHEM Ltd., India. Calcium
oxide is activated according to previous studies [12], the pro-
cess and speciﬁcations are described in the following:-
(1) CaO is immersed in (NH4)2 CO3 and calcined at 900C.
(2) BET surface areas of a sample are measured and found
to be 8.95 m2/g.
(3) Basicity of the catalyst is over 18.5.
(4) SEM image of CaO calcined at 900C shows that the
morphologies of the particles became similar to each
other and the mains were sintered.
(5) Calcinations of the treated CaO at high temperature
(900C) resulted in the decrease of the calcium carbonate
content [13].
2.2. Experimental work
Conventional transesteriﬁcation of Jatropha curcas oil was
conducted on bench scale by transesteriﬁcation of JCO at re-
ﬂux of methanol employing CaO as heterogeneous base cata-
lyst. The reaction was performed using different molar ratios
of alcohol to oil and various catalyst concentrations by weight
to oil volume at 70C for different reaction times under reﬂux
condenser with a magnetic stirrer [13]. After adjusting the reac-
tion time, the reaction mixture was carefully transferred to a
suitable separating funnel. Two layers are spontaneously sepa-
rated. The upper layer is methyl ester and the lower one is the
glycerol containing layer. Produced biodiesel and glycerol were
obtained after ﬁltration followed by evaporation of methanol
[13]. Subcritical methanol reaction was carried out in a
bench-scale reactor under pressure. The reactor was of 3.7 L
capacity made of stainless steel 316 and provided with a
mechanical stirrer with adjustable speed, the temperature and
pressure inside the reactor were also controllable [13]. In
subcritical methanolysis several experiments were carried outto study the effect of reaction temperature, time of reaction
and concentrations of catalyst on the yield of methyl ester.
The volume of the reaction mixture was about 750 ml and
the pressure inside the reactor varied according to the process
temperature [13].
Analytical Techniques proceeded for fatty acids content of
the oil was determined by neutralization titration using sodium
hydroxide (0.1 N) and phenolphethalein as indicator [13]. Pur-
ity of glycerol was determined using the HPLC Shinadzer LC
10 with a refractive index detector. The used column was
Shim–Pack SCR – 10 N (7.9 mm · 30 cm) (Shindzy column).
The mobile phase was water with a ﬂow rate of 0.5 ml/min
at 50C. Biodiesel properties such as viscosity [14] ﬂash point,
pour point, cloud point and caloriﬁc value were carried out by
Egyptian Petroleum Institute using ASTM standard methods.
2.3. Experimental results
2.3.1. Analysis
At optimum operating conditions of the transesteriﬁcation
process, the two phases were separated within a few minutes
(15 min). The upper layer is biodiesel and the lower colorless
clear phase is glycerol. The major impurity in both products
is methanol which is evaporated and recycled at 75C. The
main characteristics of FAME are shown in Table 2.
The decrease in kinematic viscosity from 53.3 to 5.7 mm2/s
is the important fuel property of transesteriﬁed JCO. The col-
orless clear lower layer is the produced glycerol I whose glyc-
erol content is 99.46% (using HPLC technique) with a
density of 1.263 g/cm3.
2.3.2. Conversion rates
The effects of both catalyst weight and molar ratio of alcohol
to oil are illustrated in Figs. 1 and 2.
2.4. Kinetic modeling
Kinetic studies are reported to observe the effect of operating
conditions on the ﬁnal yield of biodiesel in batch transesteriﬁ-
cation reactors and to obtain the chemical engineering data re-
quired for the full scale design. The transesteriﬁcation reaction
is a reversible reaction and proceeds in three consecutive steps,
presented by Eqs. (1a), (1b), (1c).
TriglyceridesþMethanol !CaODiglycerides
þGlycerolþMethanol ð1aÞ
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Figure. 1 Effect of weight of catalyst (CaO) on biodiesel yield at
reaction temperature 70C, reaction time 3 h, molar ratio 9:1 and
700 r.p.m.
Figure. 2 Effect of molar ratio of methanol to oil on biodiesel
yield at reaction temperature: 70C, reaction time 3 h, CaO
1.5% w/v and 700 r.p.m.
Figure. 3 ln CA/CAo vs time at different molar ratios.
Figure. 4 ln CA/CAo vs time at different weight of catalysts. R:
least square error or correlation coefﬁcient.
Figure. 5 Rate constant vs wt. of catalyst (%w/v) at 200C and
24 bars.
Figure. 6 Rate constant vs molar ratios at 200C and 24 bars.
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þMethanol !CaOMonoglyceridesþGlycerol
þMethanol ð1bÞ
MonoglyceridesþGlycerolþMethanol !CaOMethylester
þGlycerolþH2O ð1cÞ
This means an overall reaction represented by the following
equationTriglyceridesþMethanol!MethylesterþGlycerolþH2O
In developing the description of the overall kinetics, the fol-
lowing simplifying assumptions are made:
(1) The presence of excess, methanol reactant minimizes the
reversibility of the transesteriﬁcation reaction.
(2) The reaction mixture is assumed homogeneous, solid
catalyst is in powder form and at very low concentration
in comparison to the whole volume of reaction mixture
(1–2% w/v).
Figure. 7 ln CA/CAo vs time at 200C and 24 bars.
12 T.M. Labib et al.(3) Reaction mixture volume is assumed constant being put
under reﬂux.
(4) Reaction temperature is kept constant during the whole
reaction time.Figure. 8 Flowsheet for super ba
Figure. 9 Flowsheet for conventional Jatropha oiThe overall reaction is assumed to be single step, repre-
sented by Eq. (2), (neglecting intermediate steps) [15] and is
considered to develop kinetic rate equations.
The overall reaction in its simpliﬁed form is represented by
Eq. (2).
AðOilÞ þ B ðMethanolÞ!CaO C ðMethyl estersÞ
þD ðGlycerolÞ þH2O ð2Þ
The concentration of methanol, being in excess, does
not inﬂuence the global reaction which is ﬁnally represented
by Eq. (3) which is in accordance with previous studies
[16,17].
A ðoilÞ!Products ðCþDÞ
rA ¼ dCA=dt ¼ kCA

Z CA
CAo
dCA=CAo ¼ k
Z t
0
dtse calcium oxide preparation.
l transesteriﬁcation catalyzed by calcium oxide.
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lowing equation
lnCA=CAo ¼ kt ð3Þ
where CA: is concentration of unreacted oil (mole/liter), CAo:
initial oil concentration (mole/liter) and t: time (hours).
Hence, for determining the rate constant of the reaction, a
plot of ln CA/CAo against time at different molar ratios and
catalyst dosage was drawn.
2.5. Kinetic study results
(a) Kinetic study for conventional heterogeneous catalyzed
transesteriﬁcaion is described in Figs. 3 and 4 where the rela-
tion between ln CA/CAo vs time is found almost linear and
gave straight lines passing through the origin.
Results in Figs. 5 and 6 show the effect of catalyst concen-
tration and the molar ratio between methanol and oil which is
useful in the economic investigation.Table 3 Total capital investment costs.
Equipment cost Price, $
Storage facilities
Oil storage tank $506,000
Biodiesel storage tank $447,000
Crude glycerol storage tank $22,000
Loading/unloading stations $50,000
Pumps to/from storage $22,000
Subtotal storage facilities $1,047,000
Process equipment
crusher, (27,000 kg/h) 1 $43,050
Methanol storage tank 1 $36,000
Extractor 1 $300,000
Methanol/catalyst mixer 1 $10,500
Filtration 5 $200,000
Reactor $225,000
Glycerol biodiesel separator $466,500
Biodiesel/acetic acid mixer $10,500
Biodiesel wash tank 1 $52,500
Biodiesel wash water separator 1 $645,000
Glycerol/methanol tank 2 $9,000
Methanol distillation tower 1 $180,000
Glycerol/fatty acid separator 1 $261,000
Fatty acid storage tank 2 $15,000
Glycerol distillation tower 1 $90,000
Pumps 1 $93,000
Additional process equipment 1 $649,500
Subtotal processing 1 $3,286,550
Utility equipment 1
Cooling tower system 1 $174,000
Steam generation system 1 $104,000
Instrument air system 1 $25,000
Electrical distribution system 1 $100,000
Subtotal utility equipment 1 $403,000
Total equipment cost 12 $4,736,550
Other costs
Installation, @ 200% of equipment costs $9,473,100
Total other costs $9,473,100
CaO activation equipment cost $75,600
Total capital investment costs $14,285,250
Depreciation @10% capital cost/year $1,428,525It is clear that the reaction rate increased steeply as in Figs. 5
and 6 as the molar ratio increased and also the transesteriﬁca-
tion rate was improved obviously as the weight of CaO in-
creased from 1% to 1.5% w/v. It is clear that optimum
conditions for heterogeneous transesteriﬁcation using CaO is
2.5 h (or 150 min), temperature of 70C and a molar ratio of
9:1 alcohol to oil.
(b) Kinetics of transesteriﬁcation under subcritical condi-
tions is presented by Fig. 7, which illustrates the relationship
between ln CA/CAO vs time. The slope of the resulting
straight line is considered as the value of the reaction rate con-
stant (3.084 h1). It is clear from the ﬁgure that for 95% con-
version, only 1 h reaction time is required.
3. Techno-economic aspects for biodiesel production in Egypt
3.1. Capacity of production facilities
Biodiesel is produced in large capacities and commercial scale
in US and Europe. Plants up to 85 million gallons/year (about
275 thousand tons/year) production are in operation in the US
[18]. Conversely, in developing countries, biodiesel production
is still on small-scale. Thus within the scope of this work an
economic model and indicators for nominal annual capacity
namely 50,000 tons/year have been developed.
3.2. Simulation and basic engineering
Simulation and basic engineering of transesteriﬁcation of raw
oil have been conducted. Material balance based on pilot scale
experimental results is shown in Figs. 8 and 9 for 1 ton produc-
tion of pure biodiesel.
3.3. Cost indicators
Simulation and basic engineering of Jatropha plant seeds’
extractions and transesteriﬁcation of raw JCO for the pro-
posed capacity of biodiesel production (50,000 tons/year)
have been conducted. The simulation includes the following:
crushing, extraction, transesteriﬁcation and biodiesel puriﬁ-
cation. The process ﬂowsheet is depicted in Fig. 7. Results
have been used for the cost estimation of capital and pro-
duction costs.Table 4a Annual raw material costs and products’ values
based on 3.4 tons of seed produce 0.83 tons of biodiesel (25%
oil).
Name of material Price, $/ton Annual
amount,
ton/y
Annual value
of product, $/y
Products and byproducts
Biodiesel 945 50,000 47,250,000
Cake 145 153,614 22,274,030
Glycerol 1090a 5214 5,683,260
Total annual value of products 75,207,290
* Glycerol price from previous study [21] was $545/ton for purity of
50%, so glycerol produced in this study is of 99.63% purity the
price of which increased to much more than $1090/ton [22].
Figure. 10 Distribution of annual operating cost for 50,000
ton/year.
Table 5 Financial indicators for 50,000 tons/year of biodiesel.
Item
Total annual cost of raw materials $35,989,122
Annual operating labor costs $259,200
Total utility cost $314,000
Total capital investment costs $14,285,250
depreciation @10% capital cost/year $1,428,525
Total production cost/year $37,990,847
Total annual value of products $75,207,758
Gross proﬁt/year $37,216,911
SRR% 246.5%
Table 4b Annual raw material cost.
Name of material Price, $/ton Annual amount,
ton/y
Annual raw
materials cost, $/y
Raw materials
Jatropha Seeds 133 204,082 27,142,857
Hexane 750 4082 3,061,224
Methanol 750 6952 5,214,368
CaO 20 900 18,007
(NH4)2CO3 600 900 540,209
Citric acid 500 25 12,457
Total annual cost of raw materials 35,989,122
Table 4c Annual operating labor cost.
Labor Number of
operators
per shift
Shifts
per day
Operator
rate, $/h
Annual operating
labor cost, $/y
Engineer 2 3 5 72,000
Supervisors 2 3 3 43,200
Administration 5 3 2 72,000
Laborer 5 3 2 72,000
Total 259,200
14 T.M. Labib et al.3.3.1. Total capital investments costs
The capital investments for the process components have been
estimated as follows:
3.3.1.1. Crushing and extraction. Economic data published on
crushing and extraction [19] have been adopted after modiﬁca-
tions to take into consideration, among others, the local prices
of some components, costs incurred for transesteriﬁcation etc.
3.3.1.2. Transesteriﬁcation and puriﬁcation. Equipment size
based on the mass production and cost estimation of the pro-
cess equipment has been estimated from Peters et al. [20] and
prices have been adjusted based on cost indices of 2011. Other
components of ﬁxed capital cost have been estimated as pre-
sented in Table 3.
3.3.2. Operating costs
In addition to raw materials costs as estimated according to ac-
tual consumption from pilot experimental results and prevail-Table 4d Annual utility cost.
Utility Default
unit cost
Default
cost units
Annual utility
requirement, in
appropriate units
Electricity 0.030 $/kW h 2400,000
Steam,
saturated,
790 kPa
6.00 $/1000 kg 40,000
Process water 6.08 $/m3 25,000
CaO
activation
utility cost
Total utility
cost $/ying costs, other components of operating costs are presented in
Tables 4a–d.
3.4. Financial indicators
3.4.1. Annual operating costs
The distribution of annual operating costs over its components
for the transesteriﬁcation stage is depicted in Fig. 10.
3.4.2. Estimated investments, production costs, proﬁts and SRR
The estimated total capital investment, annual operating costs,
total proﬁts and hence percentage Simple Rate of Return on
Investments (SRR) are presented in Table 5.Default units of
utility requirement
Annual
utility cost,
$/y
Annual utility
cost, L.E./y
kW h/y 72,000 432,000
1000 kg/y 240,000 1,440,000
m3/y 2000 12,000
53,865 323,187
314,000 1,884,000
Table 6 %SRR, gross proﬁt and payback period at different
prices of biodiesel.
Biodiesel price,
$/ton
Gross proﬁt, $ %SRR Payback period,
months
945 37,990,847 246.5 4.6
750 27,466,911 178.3 6.2
600 19,966,911 125.8 8.6
500 14,966,911 90.8 11.5
383.5 9,141,911 50 18.8
350 7,466,911 38.3 23
300 4,966,911 20.8 34.5
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(%SRR), annual gross proﬁt and payback period at different
selling price of biodiesel are presented in Table 6. The
%SRR ranged from 20.8 to 246.5, annual gross proﬁt ranged
from $4,966,911 to $37,990,847 and pay pack period ranged
from 4.6 to 34.5 months when the selling price of biodiesel
ranged from $300 to $945. For a biodiesel price of $945 ton,
which is an average value of prevailing prices in the US and
in India [23,24], the %SRR for the extraction and transesteri-
ﬁcation stages starting from Jatropha seeds is 246.5% while
the biodiesel selling price at 50% SRR is $383.5.
3.5. Cost indicators for subcritical transesteriﬁcation
The main differences between the atmospheric and subcritical
heterogeneous transesteriﬁcation are
(1) Type and cost of reactor (only one reactor which cost is
$ 150,000).
(2) Time of reaction is 1 h in subcritical heterogeneous
transesteriﬁcation instead of 3 h in conventional hetero-
geneous transesteriﬁcation (utilities are increased to
554,000$/y).
By calculation of the production cost for subcritical transe-
steriﬁcation it was found that the production cost is
$38,208,347 and unit cost $/liter is 0.672.4. Conclusions
 The transesteriﬁcation reaction kinetic mathematical
model is represented fairly well by the 1st order reaction
rate equation with the estimated parameter values under
the chosen experimental conditions. These parameters can-
not be considered as true values of the corresponding reac-
tion rate constants with regard to the limited extent of the
information and the simpliﬁcation made. The mathemati-
cal model developed with the parameters estimated can
be used for design of the process, for reaction conditions
close to that experimentally done in the present work.
 With the success of plantation of JC under Egyptian
conditions using primary treated municipal wastewater,
an extensive experimental program for crushing
extraction and transesteriﬁcation deﬁned the optimal
and suboptimal conditions for each processing stage.
Accordingly, simulation and basic engineering have been
conducted to determine the requirements for assumed
capacity of 50,000 tons biodiesel/annum. The produced glycerol through the actual study is spec-
iﬁed by its high purity grade (99.63%) which has higher
cost ($1090/ton) which increases the total proﬁt of the
project.
 The total proﬁt is $37,990,847 and the%SRR is 246.5% for
50,000 tons of biodiesel/annum supposing biodiesel selling
price is $0.945/kg, which decreased to $9,141,911 consider-
ing the selling price of $0.3835 and%SRR is 50%. Positive
economic indicators have been also obtained if it is assumed
that all stages are considered as an integrated project.
 Thus, in view of experimental results and economic assump-
tions, there are positive prospects for the production of bio-
diesel from Jatropha curcas under Egyptian conditions.
 Comparison between cost indicators for heterogeneous
and subcritical heterogeneous transesteriﬁcation
revealed no sensible difference in production cost of pro-
duced biodiesel.Acknowledgement
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